In the present paper, a new system of purpose built landfill (PBLF) has been proposed for the control of methane emissions from municipal solid waste (MSW), by considering all favourable conditions for improved methane generation in tropical climates. Based on certain theoretical considerations multivariate functional models (MFMs) are developed to estimate methane mitigation and energy generating potential of the proposed system. Comparison was made between the existing waste management system and proposed PBLF system. It has been found that the proposed methodology not only controlled methane emissions to the atmosphere but also could yield considerable energy in terms of landfill gas (LFG). Economic feasibility of the proposed system has been tested by comparing unit cost of waste disposal in conventional as well as PBLF systems. In a case study of MSW management in Mumbai (INDIA), it was found that the unit cost of waste disposal with PBLF system is seven times lesser than that of the conventional waste management system. The proposed system showed promising energy generation potential with production of methane worth of Rs. 244 millions/y ($5.2 million/y). Thus, the new waste management methodology could give an adaptable solution for the conflict between development, environmental degradation and natural resources depletion. #
Introduction
Generation of municipal solid waste (MSW) increases with socio-economic development. In developing countries like India, rapid population growth further adds to the intensity of waste generation. Poor waste management systems coupled with hot climatic condition results in increasing environmental problems, which are local as well as globally important. Methane emissions from open dumping and improper landfilling of MSW contribute a major share of anthropogenic methane emissions. Improper management of MSW is causing severe environmental concern which could otherwise safe guard the depleting natural energy resource. Unlike landfills in developed countries, no proper landfill exists in India. It is not practicable to collect methane from the existing waste dumps and hence it escapes to the atmosphere. Hot climatic conditions further this problem with faster methane generation rates. Therefore, a system should be developed which can take the advantage of these favouring conditions in handling methane emissions and the ever rising waste management problem. Recent development of MSW management and handling rules by the Government of India (Gazette of India, 2000) making landfill system a mandatory component of waste management in every municipality gives a wider scope for the development of a new methodology of landfill with gas recovery option. In the present paper, a methodology called purpose build landfill system (PBLF) has been attempted for municipal solid waste management. Methane mitigation and energy generating potential of the proposed system were analysed along with due economic performance evaluation of the proposed system.
A purpose built landfill system (PBLS) is a semi-engineered landfill with gas recovery and leachate collection system targeting at methane harvest. Unlike landfills in western world, PBLF is engineered to yield more landfill gas (LFG) in short duration by providing favourable conditions. After harvesting entire methane and mining the manure so generated, the ''cell'' could be reused for waste dumping. Size of each landfill unit (cell) has to be fixed based on waste generation levels. A network of 0956-053X/02/$ -see front matter # 2002 Elsevier Science Ltd. All rights reserved. P I I : S 0 9 5 6 -0 5 3 X ( 0 2 ) 0 0 0 0 7 -7 
Objective
In the present paper an attempt has been made to assess the potential of municipal landfill system targeting at gas recovery, in mitigating methane emissions from MSW. This assessment has been carried out by using theoretical considerations and parametric interrelationships among various component activities with due consideration to economics of the process.
Methodology development
Based on theoretical considerations and flow of activities, multivariate functional models have been developed to assess the methane mitigation and energy generating potential of landfills built for the purpose of methane harvesting.
Based on various experiences from different parts of the world, few assumptions were made for the proposed methodology of purpose built landfill system. The assumptions made at various stages are given when and where they are made. Modified flow line of municipal solid waste management was suggested for PBLF system, which is shown in Fig. 1 .
Estimation of methane emission from municipal solid waste (MSW)
Among all the available methods, the simplest one for the estimation of methane emissions from landfills is based on mass balance approach. In this method, instantaneous release of methane is assumed during the same year that the waste is landfilled. This method was developed by Bingermer and Crutzen in 1987 and is being used in the Revised 1996 IPCC Guidelines as the default methodology for estimating methane emissions from solid waste disposal sites (EIIP, 1999 In India where not much data is available on landfills, the above method could be applied for better estimates of methane emissions from MSW.
3.2. Methane mitigation potential of purpose built landfill system (PBLF) 3.2.1. Policy development for PBLF An improved waste management pathway was proposed to handle MSW in India. In the proposed flow line of MSW management, which is shown in Fig. 1 , waste is assumed to be segregated into the compostable materials and non-compostable materials at the source.
1 Segregated waste could be transported to the municipal waste collection (MWC) bin either by the waste generator or by some waste collection mechanism either formal or informal. The non-compostable material collected at this stage is open for picking by rag pickers. Some fraction of house-to-house collection of reusable material by the informal sector/rag pickers has also been assumed. Around 40% of the non-compostable material is assumed to be taken care of at this stage (CES, 2000) . Waste from the MWC goes to ward collection center (WCC) from where the non-compostable fraction of waste could be sent directly to the wholesalers (this would open a potential ground for the recycling and waste-processing industries which are already existing but at a lower magnitude). The compostable part of the waste will be transferred to the landfills through the transfer stations. Part of the compostable waste will be transferred to the landfills directly as and when the circumstances permit. To realize the above mentioned waste management policy, the following assumptions are made: Waste is segregated at source and collected in separate bins/bags External costs involved in segregation of waste at source are ignored (excepting provision of infrastructure) Waste reaching the ward collection center (WCC) is transported to the landfill without delay (direct shipment for disposal) Reusable material coming to the WCC is directed to the wholesalers directly Waste generation is uniform in all segments of the study area (wards) Collection of MSW is carried out twice a day Collection bins are placed in elevated locations to avoid water stagnation and disturbance due to stray animals
Purpose built landfill system (PBLF)
Landfilling is the most common mode of waste disposal all around the world. The process of landfilling has undergone many changes and ultimately transformed in to a source of energy generation providing a solution for the conflict between the development and environmental degradation. In developed countries, this practice of landfills with gas recovery has been gaining importance and even it has been successful in attracting private sector participation. USEPA came up with guidelines for location and development of landfills for gas recovery (USEPA, 1996) and identification and labeling of landfills for possible energy recovery has been undertaken in United States (US DOE/EIA, 1995).
Unlike in developed countries, landfill system is not very prominent and well managed in developing countries like India leaving behind a poor scenario of waste management. This has been contributing considerable methane emissions to the atmosphere. With the increased utilization of land fill gas (LFG) as an energy source in developed countries and to the fact that warm climatic conditions favours LFG generation in India (Bhide, 1994) , development of a landfill system targeting at energy recovery would be a better option for waste management in India. Therefore, in the process of developing such a system, a scheme for successful collection and transportation of waste has been developed which was discussed in the previous section. Economic feasibility analysis of this system has been carried out at Indira Gandhi Institute of Development Research (IGIDR), Mumbai, India. Its adaptability and barrier analysis is under examination.
Following are the possible advantages of the new PBLF system and its executionControl over methane emissions and expenses to mitigate greenhouse gas emission Rich energy generation in terms of methane (methane harvesting) An alternative source of energy which can safeguard the depleting fossil fuel resources Control over the usage of fossil fuels and hence GHG emissions, with a share from methane as fuel Control over soil and water contamination due to landfill leachate Improved returns from the reusable and recyclable waste material Control over unhygienic condition and the subsequent expenses Control over pollution due to waste burning Reduction in land required for landfill This practice of collection and transportation of MSW can yield revenue from the public. As the proposed methodology is aimed at improved waste management, there is a possibility of public participation and willingness to pay for it Hence, by considering the possible dependent and independent variable in methane generation from MSW, the following multivariate functional model has been developed:
Annual methane emission from MSW with PBLF system=(methane generated per dayÀmethane recovery per day)Â365
Methane generated per day=total waste landfilledÂfraction of assimilable organic fractionÂ methane content in tonnes
Methane recovery=total waste landfilledÂ fraction of degradable organic contentÂmethane generation in tonnesÂgas collection efficiency
Annual methane emission from MSW with PBLF system
where W t total waste generated (tons per day) f lf fraction landfilled f doc fraction of degradable organic matter f adoc fraction of assimilable organic carbon f methane fraction of methane in LFG m r conversion factor G re recovered gas (t/day) r methane level of methane generation (m 3 /t) methane density of methane (t/m 3 ) É gas collection efficiency
Energy generating potential of a PBLF
With the proposed policy of waste management implemented and disposal of waste is carried out by means of a PBLF, methane emissions can be calculated using the above expression. Details of a PBLF design process can be obtained from the authors (Sudhakar and Parikh, 2001) .
A PBLF system is an integrated approach for the management of MSW, mitigation of anthropogenic methane emissions and development of non-conventional energy resources. The following section describes the potential of PBLF for energy generation.
Annual energy generation potential of PBLF (E r )= (fraction of degradable organic content of landfilled wasteÂgeneration of methane in tonnes with a collection efficiency of É Âcalorific value of methane)Â365
Annual energy generation potential of PBLF (E r )=
where ! is the calorific value of methane (kcal/t)
For any process to be successful in practice it should show a better economic performance. Therefore, the following expression has been developed which could give the value of energy generated per year from MSW using PBLF system. [Thorough cost benefit analysis of the newly proposed system was carried out by authors and can be referred in Sudhaker and Parikh (2001) 
where l is the coal equivalent of methane and " is the unit cost of coal (Rs./ton)
All the above expressions have been applied for the case of Mumbai, one of the major metropolitan cities in India. The following section presents the case study of Mumbai.
Case study
Mumbai, with its 12 million population, is the most densely populated Indian metropolitan city, which is known as the ''commercial capital of India''. It had experienced a tremendous growth in all spheres: population, urbanization, traffic, industries, trade and also solid waste generation. Further changes are expected in the years to come, making the future much more critical with respect to the environment with the growing conflicts between development and the environment.
Mumbai has been generating large volumes of MSW. Municipal Corporation of Greater Bombay (MCGB) is the responsible body for handling the solid waste generated. Out of the total solid waste generated, 91% was reported to be collected by MCGB (Parikh and Parikh, 1997) . Details of Mumbai MSW are presented in Table 1 .
The characterization of Mumbai MSW represents national averages very closely and is shown in Fig. 2 .
Mumbai solid waste has been handled by two systems. One is a formal waste collection system and the other is an informal collection by ragpickers and the other informal sector. Mumbai houses about 100,000 ragpickers each collecting 12-kg of waste every day [8] . This counts to be 440,000 t of solid waste per year. Therefore, the informal sector accounts for about 25% of the total solid waste collection.
Estimation of methane emissions
Annual methane emissions from MSW are calculated using Bingermer and Crutzen equation:
Methane emission = total MSW generated (t/yr) Â MSW landfilled (%) Â DOC in MSW (%) Â fraction dissimilated DOC (%) Â 0.5 t CH 4 /t bio gas Â conversion factor (16 t CH 4 /12 t C)-recovered CH 4 (t/yr) Annual methane emissions from MSW in Mumbai = 5000 (t/day)Â0.91Â0.6Â0.7 Â 0.5 (t CH 4 /t bio gas)Â16 t CH 4 / 12 t C)-0 (no recorded recovery of methane) = 465,010 t ffi 0.465 million tons.
Methane mitigation potential of a PBLF
The waste in tropical countries was found yielding 450 m 3 of landfill gas (LFG)/t of waste with 50% organic fraction (Bhide, 1994 This comes out to beÀ69946.775 t/y (0.0699 million t/yr). Negative sign indicates the net positive yield of methane using a PBLF. Hence, with the proposed methodology, improved methane generation is achieved which could be harvested. Therefore, PBLF not only recovers the methane, otherwise escaping to the atmosphere but also yields extra methane from MSW.
Energy generation from MSW using a PBLF system
Potential of PBLF as a non-conventional energy source has been assessed by finding out the energy generation from MSW. Taking the calorific value of methane as 4450 kcal/m 3 the energy potential has been calculated as and cost of coal at Rs. 800/ ton, the value of methane that could be harvested with a PBLF system would be Rs. 244 million/yr ($ 5.26 million/yr).
In the economic analysis of the proposed landfill system, the integrated unit cost of waste disposal was calculated by considering various costs involved in the entire process of waste management. The proposed system showed promising performance with minimum unit disposal cost at Rs. 222 ($4.79) with its maximum value at Rs. 566 ($12.21) . With the landfill preparation and maintenance expenses on lower side and with the maximum estimated value for reusable materials, the disposal cost of MSW was found to be at its minimum. In the conventional system of waste management the unit cost of waste disposal was found to be Rs. 4054/ton of MSW which is around 7 times more than the minimum cost in the proposed scenario. Fig. 3 presents various costs and benefits involved in the economics of the proposed system of waste management. As the proposed system includes some critical assumptions, barrier analysis and adaptability checks have to be undertaken. In the cost-benefit analysis the costs of landfill preparation and maintenance have been extrapolated from USEPA data (USEPA, 1996; US DOE/EIA, 1998 , 1999 with due inflation in costs. As it was mentioned earlier, this is an integrated approach encompassing different domains of problems with a unique outcome. Further study is planned to check its adaptability: first at small scale and then at large scale.
Conclusions
The proposed PBLF system showed net negative methane emissions to the atmosphere, which indicates the systems' superiority in handling the methane emissions from MSW. It not only controls the methane emissions to the atmosphere but also enhances methane generation, which could be harvested and used for many useful purposes. It showed considerable potential with an yield of 2.04876 million Kcal of energy per year, worth of Rs. 244 millions/yr ($5.26 million/yr). With the new PBLF system unit cost of disposal could be reduced by seven times. Inclusion of external environmental costs due to the methane emissions to the atmosphere would further improve the economic performance of the proposed system.
